Deregulated expression of protein tyrosine phosphorylation has been implicated in testicular response to different stimuli. Herein, YES1, a nonreceptor protein tyrosine kinase, was found to be significantly up-regulated in pachytene spermatocytes (PS) during early recovery from a transient testicular heat stress. Coculture of PS with Sertoli cells (SCs) could enhance the hyperthermia-induced YES1 activation, indicative of a positive regulation of the paracrine signaling. Moreover, SU6656, a selective YES1 inhibitor, was shown to effectively block YES1 activity, thereafter resulting in a dramatic increase of heat stressinduced apoptosis in primary cultured PS. Mechanistically, the antiapoptotic effect of YES1 activation in response to testicular heat insult may mediate via the regulation of extracellular signal-regulated kinase (ERK)/metastasis-associated 1 (MTA1) cascade. From a clinical standpoint, a notably higher level of YES1 expression was observed in the pathological testis from varicocele patients as compared to a negligible staining in the control group. Taken together, our present results provide the first evidence that the YES1/ERK/MTA1/p53 cascade may serve as a naturally occurring, indispensable self-defensive mechanism maintaining apoptotic balance during meiotic heat stress. Our study may have also partially answered the question of how activation of signal pathways at the cell membrane surface interacts with the key regulatory events occurring in the nucleus during testicular heat shock. apoptosis, heat stress, meiosis, pachytene spermatocyte, tyrosine kinase
INTRODUCTION
Normal testicular function occurs in a low-temperature environment. However, the temperature of scrotum can be easily affected by numerous external factors such as posture, clothing, lifestyle, occupation, and season, and deregulated thermal factors have been frequently implicated in the pathogenesis of male infertilities, including cryptorchidism, varicocele, and chronic fever [1] . Male mice expressing an active form of heat shock transcription factor 1 (HSF1) in the testis are infertile due to arrested spermatogenesis at the pachytene stage, showing meiosis as the primary target affected by increases in temperature. This heat susceptibility may be due to the fact that meiosis involves marked structural and biochemical changes, such as homologous recombination, synaptonemal complex assembly, and chromosomal crossover at a lower temperature [2] . Although the physiological and cellular responses to heat treatment of the testis have been well documented [3] [4] [5] , the molecular mechanisms in response to heat stress remain to be defined.
The nonreceptor protein tyrosine kinases family (nRTKs), consisting of nine members including SRC, BLK, FGR, FYN, HCY, LCK, LYN, YES1, and YRK, plays a key role in the regulation of proliferation, differentiation, and apoptosis in response to hyperthermal stimulation in different systems [6] [7] [8] . For example, heat shock enhances protein tyrosine phosphorylation, modulates protein tyrosine phosphatase (PTPase) activity, activates the SRC family protein tyrosine kinase, and enhances glucose uptake in human peripheral blood mononuclear cells [9] . Heat insults release chemical signals (nitric oxide, adenosine, and reactive oxygen species [ROS] ) that trigger a series of signaling events (e.g., activation of protein kinase C, SRC protein tyrosine kinases, and nuclear factor-kappaB) in myocardial cells, thereby leading to changes in cellular functioning [10] . In male germ cells (GCs), it is during sperm capacitation that protein tyrosine phosphorylation has been investigated the most. The presence of YES1, SRC, LYN, and other SRC-related tyrosine kinases has been demonstrated in mature spermatozoa [11, 12] . A recent study [13] demonstrated the involvement of tyrosine kinase SRC in the increased sperm protein phosphotyrosine content observed during capacitation. Moreover, YES1 is expressed in the bloodtestis barrier (BTB) and regulates apical ectoplasmic specialization integrity by maintaining proper distribution of integral membrane proteins and ACTIN filament organization in rat testis, thereby serving as an integrated component of the cellcell ACTIN-based anchoring junctions (AJs) at these sites [14] [15] [16] . Nevertheless, the role of these kinases in other spermatogenic events remains elusive.
Recent advances in this field reveal distinct expression profiles for each kinase during mouse testis development. Immunolocalization of SRC and LYN in adult mouse testes as well as in mature spermatozoa further confirmed the potential involvement of these kinases during spermatogenesis. As for Yes1, the highest mRNA level was observed in spermatocytes, well consistent with the expression of the kinase at the translational level. In addition, YES1 and FGR were the SRCrelated kinases with the lowest mRNA levels in postmeiotic GCs. These results indicate that YES1 may play a unique role during meiosis [17] . On the abovementioned basis, the present study was initiated to investigate the potential involvement of YES1 in the testicular response to heat insult. Testicular activation of YES1 was first explored in mouse testes following a single transient scrotal heat exposure (438C for 20 min). Furthermore, the effect of YES1 activity on spermatocyte response during heat stress and its underlying mechanism were explored using SU6656, a selective YES1 inhibitor, in primary cultured pachytene spermatocytes (PS). Overall, our combined analysis would help to understand the reproductive role of this important tyrosine kinase.
MATERIALS AND METHODS

Human Tissue Collection
After obtaining the Approval of Research Involving Human Subjects from the institutional review board of the Fourth Military Medical University, varicocele patients showing azoospermia or oligozoospermia (,5 million sperm per milliliter) were identified and invited to participate. In total, 15 men were enrolled in the study (mean age 32.6 yr; range 28-44 yr). The incisional biopsies were obtained during varicocelectomy (before the legation of spermatic veins) from idiopathic grade II or III (according to Horner classification) varicocele testes [18, 19] . In addition to the infertile population, five men of known paternity were also included as controls (mean age 34.8 yr; range 26-41 yr). Subject participation was voluntary, as indicated by free and informed consent. The protocol employed strictly conformed to the standards set by The 2008 Revised Declaration of Helsinki. Testicular biopsies were fixed in 4% paraformaldehyde in 50 mM PBS (pH 7.4) for 16-20 h, embedded in paraffin, and further processed into 5-lm-thick sections for histochemical examination.
Animal Model
Adult male mice (C57BL/6) were obtained from the Animal Research Center of Fourth Military Medical University and maintained on a 12L:12D cycle in a 208C-258C environment. They were allowed to acclimatize for at least 1 wk before the experiment. To induce the transient heat stress, mice were subjected to a single heat stress of 438C for 20 min as described previously [1] . In brief, animals were anesthetized using sodium pentobarbital (5 mg/100 g; Sigma), and the lower third of the body (hind legs, tail, and scrotum) was submerged in a water bath. Animals were then dried and returned to their cages. Control animals (n ¼ 5), designated as 0 h, were anesthetized and left at room temperature. Animals were killed at 4 h (n ¼ 10), 8 h (n ¼ 10), 12 h (n ¼ 10), or 24 h (n ¼ 10) after hyperthermal exposure. Testicular tissues were fixed in 4% formaldehyde in 50 mM PBS (pH 7.4) for 24 h, then dehydrated and embedded in paraffin. The Ethics Committee for Animal Experiments of Fourth Military Medical University approved all animal work, and the experimental protocols strictly complied with the institutional guidelines and the criteria outlined in the Guide for Care and Use of Laboratory Animals.
Cell Culture and Treatment
Primary PS were isolated from adult C57BL/6 mice as described previously [20, 21] . Briefly, after the tunica albunigea had been removed from the testis, testes were digested for 15 min in 0.25% (w/v) collagenase (type IX; Sigma) at room temperature under constant shaking. The seminiferous tubules were then cut in pieces using a sterile blade and further digested in minimum essential medium (Gibco) containing 1 mg/ml trypsin for 30 min at 32.58C. Digestion was stopped by adding 10% fetal calf serum, and the released GCs were collected after sedimentation (10 min at room temperature) of tissue debris. GCs were then resuspended in 20 ml of elutriation medium (120.1 mM NaCl, 4.8 mM KCl, 25.2 mM NaHCO 3 , 1.2 mMKH 2 PO 4 , 1.2 mM MgSO 4 [7H 2 O], 1.3 mM CaCl 2 , 11 mM glucose, 13 essential amino acid, penicillin, streptomycin, and 0.5% bovine serum albumin [BSA; Sigma]). GCs at PS steps were obtained by elutriation of the unfractionated single-cell suspension. Homogeneity of PS cell populations ranged between 80% and 85% and was monitored morphologically. For isolation of Sertoli cells (SCs), the seminiferous tubules were dispersed (but not fragmented) in 0.1% collagenase (type IV) and 0.04% DNase I (Sigma) in 13 Hanks fluid (pH 7.4) at 348C for 10-15 min with constant shaking (100 oscillations per minute) and were then incubated in 13 Hanks fluid (pH 7.4) containing 0.04% DNase I, 0.05% hyaluronidase, and 0.5% trypsin for at least 10 min at 348C with agitation. The tubules were allowed to settle, and cells were subsequently centrifuged at 900 rpm and at 700 rpm (each for 3 min). Cells in the supernatant were collected and cultured (in Dulbecco modified Eagle medium/F12 medium containing 5% fetal calf serum) overnight. SCs attached to the bottom and acquired an irregular shape, whereas the GCs did not attach and could easily be removed by repeated washing. SC cultures were then hypotonically treated with 20 mM Tris (pH 7.4) for 2.5 min to lyse residual GCs. The purity was monitored by RT-PCR analyses using primer sets specific to marker genes [22] . Germ cells were cultured in minimum essential medium and supplemented with 0.5% BSA, 1 mM sodium pyruvate, and 2 mM lactate at 32.58C in a humidified atmosphere containing 95% air and 5% CO 2 . The final concentration of PS in a six-well culture plate was adjusted to approximately 5 310 6 /ml. Coculture of SCs-GCs was carried out as described elsewhere [23] . In brief, GCs were added onto the SC culture on Day 6 after SCs had been cultured alone for 5 days, forming an intact epithelium, and then cocultured at a SC-GC ratio of 1:1 to permit AJ assembly. Cocultures were terminated at Day 2 after the addition of GCs into SCs, followed by protein harvest. To induce heat stress, cells were cultured at 438C for 1 h followed by 2-h incubation at 32.58C. The control group was constantly cultured at 32.58C, an optimal temperature for testicular GCs. All procedures were performed under sterile conditions, and viability of cultured testicular cells was assessed using trypan blue staining after hyperthermal stimulation [24] . To examine the role of YES1 in response to heat stress, PS were pretreated with 20 nM 2-oxo-3-(4,5,6,7-tetrahydro-1H-indol-2-ylmethylene)-2,3-dihydro-1H-indole-5-sulfonic acid dimethylamide (SU6656; Calbiochem) for 2 h and then subjected to heat stress. Controls were incubated with 0.1% ethanol/0.02% dimethyl sulfoxide (DMSO; vehicle control) before hyperthermal treatment. It has been reported that SU6656 is a selective YES1 inhibitor with an IC 50 (half maximal inhibitory concentration) at 20 nM versus SRC, FYN, and LYN, with IC 50 values at 280 nM, 170 nM, and 130 nM, respectively; therefore, at 20 nM, only YES1 was selectively inhibited [16] . For experiments involving MAP/ERK (MEK) kinase effect, PS were incubated with MEK inhibitor (50 mM U0126; Promega) [25] for 2 h at 32.58C prior to heat shock.
Cell Fractionation Analysis
At 0.25 h after heat treatment, cells were subjected to cytoplasmic-and membrane-fractionation analysis using the Subcellular Protein Fractionation Kit for Cultured Cells (Thermo Scientific) according to the manufacturer's instructions.
Measurement of Apoptosis
Detection of apoptosis was conducted by staining the cells with annexin V fluorescein isothiocyanate (FITC)/propidium iodide (PI) followed by flow cytometry (fluorescence-activated cell sorting [FACS]) analysis. Briefly, both heat stress-treated and -untreated spermatocytes were harvested by centrifugation and washed in annexin-V binding buffer. Cells were then centrifuged and resuspended in 100 ll of binding buffer with 5 ll of annexin-V FITC (BD Pharmingen). After incubation on ice for 15 min, cells were incubated with 400 ll of 0.5 lg/ml PI. Cells were then analyzed by FACS using BD CellQuest acquisition and analysis software (BD FACSCalibur USA). A dot plot was set up with the y-axis as FL-2 for PI staining and the x-axis as FL-1 for annexin-V.
An apoptosis ELISA kit (catalog no. 11774425001; Roche Diagnostics) was also used to quantitatively measure cytoplasmic histone-associated DNA fragments (mononucleosomes and oligonucleosomes). Briefly, cells were resuspended in lysis buffer. After lysis, an aliquot of the supernatant was transferred to a streptavidin-coated well of a microplate, and the nucleosomes in the supernatant were bonded with two monoclonal antibodies, antihistone (biotin-labeled; Roche Diagnostics) and anti-DNA (peroxidase-conjugated; Roche Diagnostics), at room temperature for 2 h. Final spectrophotometry was developed using peroxidase substrate, and the absorbance was measured in triplicate spectrophotometry by a microplate reader at 405 nM (#680; Bio-Rad).
Immunokinase Assay of Mouse Spermatocyte YES1
After heat stress, spermatocytes were resuspended in lysis buffer: 50 mM Tris (pH 8.0), 150 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol (DTT), 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 100 lg/ml PMSF, 1 lg/ml aprotinin, 2 lg/ml leupeptin, and 100 lM sodium vanadate. The cell cytosolic fraction was obtained by sonication and subsequent centrifugation at 154 919 rpm for 10 min. The soluble fraction was next incubated at 48C for 12 h in the presence of 1 lg mouse anti-YES1 monoclonal antibody (Santa Cruz Biotechnology, Inc.). The immune complex was precipitated with protein G sepharose (Sigma-Aldrich Co.) after a 2-h incubation on ice with frequent inversions. The beads were washed three times by centrifugation with immunoprecipitation (IP) buffer, and then resuspended in kinase buffer (10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 10 mM MgCl 2 , 2.5 mM MnCl 2 , 0.5 mM DTT, and 0.1 mM Na orthovanadate). The kinase activity was assayed using a Tyrosine Kinase Activity Assay kit LIANG ET AL.
(Chemicon), and absorbance was read on a standard microplate reader, using 450 nm as the primary wave length.
RT-PCR and Quantitative RT-PCR
Total RNA was extracted from PS using the RNeasy Mini Kit (Qiagen, Inc.) according to the manufacturer's instructions. For RT-PCR, first-strand cDNA was synthesized with Superscript III (Rnase H-Reverse Transcriptase; Invitrogen), and PCR was set up according to Promega's reverse transcription system protocol. The primers used were: Yes1, 5 0 -CAAGAAGCTCAGA TAATGAA-3 0 and 5 0 -AAGCTTCAAATACTTTCCAT-3 0 (GenBank accession: X67677.1); Gapdh, 5 0 -GGGTGAGGCCGGTGCTGAGT-3 0 and 5 0 -TGACCCGTTTGGCTCCACCCT-3 0 (GenBank accession: M32599.1). The amplification of Gapdh served as the internal control. PCR products were then quantified by SYBR green intercalation using the MiniOpticon system (BioRad). Gapdh was used to obtain the DDCt values for the calculation of fold increases [26] .
Western Blotting
Protein samples were prepared in ice-cold radio-immunoprecipitation assay (RIPA) buffer (Tris-HCl 50 mM, NaCl 150 mM, Triton X-100 1% vol/vol, sodium deoxycholate 1% wt/vol, and SDS 0.1% wt/vol; pH 7.5) supplemented with complete proteinase-inhibitor cocktail tablets (catalog no. 04693116001; Roche Diagnostic). Twenty micrograms of total protein was separated on 8%-15% SDS/PAGE and transferred to nitrocellulose membranes (Millipore). Membranes were then incubated with different primary antibodies as indicated in Supplemental Table S1 (all Supplemental Data is available online at www. biolreprod.org) in blocking solution overnight at 48C. Immunostained bands were finally detected by using an electrochemiluminescence kit (catalog no. RPN2109; Amersham Biosciences). Densitometric analysis was performed using the Image J software, a publically available Java-based image processing program developed by the National Institutes of Health (http://rsbweb.nih.gov/ ij/) and normalized for the ACTIN staining.
Immunofluorescence and Immunohistochemistry
The streptavidin-biotin complex immunohistochemical method was conducted as previously described [27] . In brief, PS fixed in 4% paraformaldehyde or mouse testicular sections were exposed to 0.3% hydrogen peroxide in methanol for 10 min to destroy endogenous peroxide activity. Slides were then incubated at 48C overnight in a moist box with the rabbit anti-YES1 antibody diluted in PBS. Biotinylated goat anti-rabbit IgG was incubated on the sections for 1 h at room temperature and detected with streptavidinperoxidase complex. Peroxidases were detected with 0.7 mg/ml 3-3 0 -diaminobenzidine tetrahydrochloride (Sigma) in 1.6 mg/ml urea hydrogen peroxide. Control slides were incubated with a preabsorbed serum (Sino Biological Inc.) instead of with a primary antibody.
Human testicular sections were permeabilized with 0.1% Triton X-100 for 10 min and then incubated for 1 h in blocking solution (10% donkey serum, 0.5% BSA, and 0.3% triton X-100 in PBS). Sections were washed three times with PBS and incubated overnight at 48C with antibody against YES1 (1:100), followed by 1 h of incubation with FITC-labeled anti-rabbit IgG (dilution 1:1000; Sigma). Nuclei were visualized by 10-min staining of 4 0 ,6-diamidino-2-phenylindole (dilution 1:2000; Sigma). Slides were finally analyzed by microscopy using an inverted microscope (Axio Imager M1 microscope; Zeiss). For quantitative analysis, 10 sections from each patient were chosen according to a systematic random protocol [28] . YES1 immunofluorescence intensity in PS was then determined using the Image J software. The detailed application information regarding the primary antibodies used in immunofluorescence and immunohistochemistry was presented in Supplemental Table S1 .
Statistical Analysis
All normally distributed data are presented as the mean 6 SEM unless indicated otherwise. Results were analyzed for statistically significant differences using one-way ANOVA, followed by the Tukey test. P , 0.05 was considered statistically significant. Statistical analyses were performed by using SPSS 15.0 software (IBM).
RESULTS
Transient Up-Regulation of YES1 Expression in PS in Response to Heat Stress
A single exposure of the rodent testis to 438C can only produce specific damage limited to the spermatocytes [1] . We used this model to identify the potential pathway governing the response of PS to heat insult. We found the expression level of YES1 was transiently elevated during the 8-h recovery after heat exposure (arrowheads in Fig. 1A) . Close examination revealed a stage-specific expression pattern of YES1 after heat stress (lower magnification in Fig. 1A) . Particularly, the positive staining was notable at stages IX-XII (marked by asterisks), strongly consistent with the development of PS. From 12 h downwards, negligible staining in the seminiferous tubules was impossible to differentiate from the background and was considered negative. Negative controls using a preabsorbed serum instead of primary antibody showed no positive signals (data not shown). In addition, immunoblotting analysis demonstrated a single band of the target protein in the whole blot, and negative controls consisting of incubated samples with or without the preabsorbed primary antibody demonstrated an abolished expression of YES1, further confirming the antibody specificity (Fig. 1B) .
To further verify the YES1 activation upon heat treatment, we isolated primary PS from adult mice and cultured them at 438C for 1 h followed by incubation at 32.58C. The purities of SCs and PS were identified by RT-PCR using primer sets specific to PS (Sycp3), round spermatids (RS)/elongated spermatids (diazepam-binding inhibitor-like 5 [Dbil5]), and SCs (Rhox5 [previously called Muc1/Pem]), with the parallel amplification from testicular cDNA as the positive control ( Fig.  2A) . The expression level of Yes1 mRNA was significantly increased from 0.25 h posttreatment and maintained a relatively high level for about 1 h, with the highest values being detected at 0.5 h posttreatment (Fig. 2B ). This expression profile was also confirmed at the translational level (Fig. 2C) . Immunocytochemical staining at the 0.25 h posttreatment revealed that the stimulated YES1 expression was predominately localized in the cytoplasm or membrane (Fig. 2D) . The subcellular localization of hyperthermia-induced YES1 was confirmed using cytoplasmic-and membrane-fractionation analysis (Fig.  2E ). Investigations were next attempted to determine whether spermatocyte YES1 is an active kinase. Activity of YES1 kinase was increased during the first hour of recovery after heat stress, with the maximum level being detected at 0.25 h posttreatment (Fig. 2F) . Overall, the activation of YES1 expression and activity was inversely correlated to the apoptotic status of PS after heat insult (Fig. 2G) .
Paracrine Signaling from SCs Enhances HyperthermiaInduced YES1 Expression
GCs exist in an environment created by SCs. Therefore, paracrine signaling between these intimately associated cells must regulate the process of GC death [29] . To understand how YES1 expression is induced by heat stress, we addressed whether SC-GC interaction is required for YES1 activation. Coculture of PS with SCs enhanced the hyperthermia-mediated induction of YES1 expression at 0.25 h after heat stress (Fig. 3,  B and C) . Consistently, the YES1 activity in cocultures was also significantly higher than that in PS-alone cultures (Fig.  3D) . These results suggested that hyperthermal stimulationdependent activation of YES1 may be partially regulated by SCs.
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YES1 Activation Exerts an Antiapoptotic Effect, Probably via the Regulation of ERK/MTA1 Cascade
Primary PS were pretreated with SU6656 or vehicle control for 2 h, cultured at 438C for 1 h, incubated at 32.58C for another 2 h. Apoptotic cells numbers were determined by annexin-V-FITC/PI staining followed by FACS analysis. As shown in Figure 4A , there was no difference in the apoptotic rate between SU6656-and DMSO-treated cells. However, the apoptotic rate was increased dramatically once the cells were subjected to heat stress. Notably, the apoptotic rate in the cells pretreated with SU6656 was significantly higher than that in the cells pretreated with DMSO upon heat insult. To further confirm the protective effect of YES1 against heat damage, the expression levels of two biochemical markers of apoptosis, CASPASE 3 and PARP1, were determined by immunoblotting FIG. 1. Elevated expression level of YES1 in response to mouse testicular heat stress. Adult C57BL/6 mice were subjected to a single heat stress as described in Materials and Methods. Testicular sections from 4% formaldehyde-fixed paraffin-embedded testes were immunostained for YES1 using a rabbit anti-YES1 polyclonal antibody (A). Immunoreactive YES1 appeared as reddish-brown precipitates and was mainly detected in PS (arrowheads) at stages IX-XII (marked by asterisks). Bar ¼ 20 lm. B) Immunoblot stained with an anti-YES1 antibody, a preabsorbed serum, or a goat anti-rabbit IgGhorseradish peroxidase secondary antibody, demonstrating the specificity of this antibody. ACTIN served as a loading control.
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FIG. 2. Activation of YES1 in primary cultured PS in response to hyperthermal stimulation. Mouse PS were obtained by an elutriation technique as described in Materials and Methods, and cell purity was monitored by RT-PCR analyses using primer sets specific to PS (Sycp3), round spermatids/ elongated spermatids (Dbil5), and SCs (Rhox5) (A). B) The expression levels of Yes1 mRNA at different time points after heat treatment were monitored using quantitative RT-PCR. Gapdh mRNA was used as an internal standard (*P , 0.05; n ¼ 3). C) Western blotting analysis of YES1 protein in PS at different time points after heat treatment. ACTIN was used as a loading control. D) Immunocytochemical analysis of YES1 protein in PS at 0.25 h after heat
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analysis. In SU6656-pretreated cells, levels for both cleaved CASPASE 3 and cleaved PARP1 were significantly greater as compared to those in the DMSO-pretreated cells (Fig. 4C) . The inhibitory effect of SU6656 on YES1 kinase activity was confirmed using a tyrosine kinase activity assay kit (Fig. 4, B and E). Previous studies have shown that metastasis associated 1 (Mta1), an essential component of nucleosome remodeling and histone deacetylase (NuRD) complexes, operates as a negative co-regulator of p53 in the maintenance of apoptotic balance during the early phase after heat stress [1] . In our study, when primary spermatocytes were incubated at 438C for 1 h followed by incubation at 32.58C for 0.5 h, the expression levels of YES1 and MTA1 were both significantly stimulated. In contrast, up-regulation of YES1 and MTA1 upon heat stress was substantially abolished when cells were pretreated with SU6656 or U0126 (a MEK inhibitor). In addition, the expression level of p21, a potent cyclin-dependent kinase inhibitor tightly regulated by the tumor-suppressor protein p53   FIG. 3 . YES1 activation in spermatocytes upon heat insult is augmented in the presence of SC-GC interaction. A) SCs and GCs were prepared and cocultured as described in Materials and Methods. The protein level and the kinase activity of YES1 of different experimental groups were assessed by immunoblotting (B) and immunokinase assay (D). ACTIN served as a loading control. C) Densitometrically scanned are data shown in B. Each data point is the mean 6 SEM of three independent experiments and is normalized against ACTIN, with the control arbitrarily set at 1. *P , 0.05 (ANOVA followed by Tukey test).
3 treatment. Replacement of primary antibody with preabsorbed IgG served as negative control (NC). Bar ¼ 10 lm. E) Subcellular localization of YES1 in heat-treated PS was confirmed by fraction analysis. To control for the fidelity of the fractionation, blots were probed with antibodies to proteins of preestablished subcellular localization: cytoplasmic marker GAPDH and membrane marker CDH2 (also known as N-CADHERIN). TCL, total cell lysates. The kinase activity of YES1 and the apoptotic status of PS at different time points after heat treatment were evaluated using a tyrosine kinase activity assay kit (F) and an apoptosis ELISA kit (G). Results are expressed as the mean 6 SEM; n ¼ 3 independent experiments, *P , 0.05.
FIG. 4.
The anti-apoptotic effect of endogenous YES1 in response to heat stress is probably executed via the ERK/MTA1 cascade. A) Detection of the apoptotic rate upon heat treatment in SU6656 or vehicle control-treated PS by FACS. The value in the vehicle controls was set as 1. *P , 0.05. B) Evaluation of the YES1 kinase activity upon heat treatment in SU6656 or vehicle control-treated PS using a tyrosine kinase activity assay kit. Results are expressed as the mean 6 SEM; n ¼ 3 independent experiments. C) At the end of 2 h after 1-h incubation at 438C, PS were subjected to immunoblotting analysis of the protein levels of CASPASE 3, cleaved CASPASE 3, PARP1, and cleaved PARP1. ACTIN served as a loading control. D) Densitometric
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and mediating the p53-dependent cell cycle G1 phase arrest in response to a variety of stress stimuli [30] , was conversely correlated with the expression levels of YES1 and MTA1 (Fig.  4F) . Of note, treatment of SCs with SU6656 did not perturb the steady-state levels of YES1 but effectively blocked the kinase activity (Fig. 4, E and F) . The available data indicate that YES1 activation may act on the top of the ERK/MTA1/p53 circuit during early recovery after heat stress.
Deregulated Expression of YES1 in the Testes from Varicocele Patients
Varicocele is the pathological dilation of testicular veins and pampiniform plexus [31] . To date, the pathogenesis of varicocele is far from clear. However, emerging evidence has indicated that elevated intrascrotal temperature due to retrograde flow in the affected veins is the top-ranked etiology involved [1] . To better understand the pathological relevance of YES1 up-regulation, we evaluated the expression level of YES1 in the testicular tissues from varicocele patients using immunofluorescence staining. We observed a dramatically higher level of YES1 expression in pathological testis compared to a negligible staining in the control testis (Supplemental Table S2 ). The deregulated YES1 expression was mainly localized in PS and RS of varicocele testes (Fig. 5) . Thus, deregulation of YES1 expression may be potentially involved in the pathogenesis of human varicocele.
DISCUSSION
A previous study has demonstrated that the highest expression of Yes1 mRNA was observed in murine spermatocytes, and YES1 proteins are at their highest in the testes of 14-day-old mice, indicating its potential involvement in meiosis [17] . In this study, we have extended our investigations of YES1 to its function in regulating spermatocyte response upon heat stress. Initially, we examined the expression level of YES1 in a mouse transient heat stress model and found that YES1 expression was significantly up-regulated during the 8-h recovery after heat exposure, with positive signals mainly detected in the cytoplasm and membrane of PS. Three main points should be emphasized on the basis of these observations. 1) We did not observe a notable immunohistochemical staining of YES1 in normal mouse testis, while heat stress stimulated a significant increase of YES1 expression in the primary spermatocytes. The stage-specific elevation of YES1 expression was strongly consistent with the development of primary spermatocytes. These results suggest that this kinase may not be abundantly expressed under physiological conditions but is potentially involved in the heat response during meiosis. Our localization result was not in agreement with the previously reported presence of YES1 in rat testis, in which YES1 was found to express abundantly at the BTB and the SC-spermatid interface [14, 15] . This expression discrepancy was also found in other SRC members. For example, the presence of SRC in the anterior portion of the head as well as in the tail in human sperm differs with what was previously reported in mature mouse sperm, where it was found exclusively in the flagellum [12] . Thus, we suggest a species-specific difference in the testicular expression of YES1, which also reflects a difference in the regulation or role of this kinase in testis. 2) Evidence has accumulated that the SRC family of protein tyrosine kinases (SFKs) plays a key role in regulating signal transduction events in the context of a variety of stress stimuli. For example, organic arsenic/chromium compounds induce ROS formation and apoptosis in lymphocytes via activation of different SRC proteins [9] . Chemical signals (such as NO, ROS, and adenosine) released by a sublethal ischemic stress trigger a complex cascade of signaling events that includes the activation of SFKs, mitogen-activated protein kinases (MAPKs), nuclear factor-kappaB, and signal transducers and activators of transcription (STATs) that ultimately result in activation of cardioprotective genes [10, 32] . In addition, ultraviolet radiation induces the generation of ROS in irradiated cells, which selectively regulates LYN and BTK SFKs via mechanisms involving inhibition of protein tyrosine phosphatases [33, 34] . For normal spermatogenesis, generation of ROS during heat stress and involvement in spermatogenic cell damage are common [35] [36] [37] . In this context, it is not surprising to see the up-regulation of YES1 expression and activity in PS, as these cells are more susceptible to oxidative stress at high temperatures (408C) [38] .
3) The up-regulation of YES1 expression in PS during the early recovery after heat insult appeared to be very transient (Fig. 1A and Fig. 2 , B, C, and F). In support of this observation, previous studies have demonstrated that heat shock response is a rapid, highly regulated adaptive response to stress; it involves coordinated control of multiple, transient signal-transduction pathways; and SRC is involved in the early upstream-signaling events in response to heat stress in NIH3T3 fibroblasts [39] . Similarly, SFKs are able to regulate the function of several transient receptor potential family members in response to moderate heat stimulation [40] . Therefore, it is possible that YES1 activation may also operate as an acute regulator of heat stress during meiosis. Taken together, our data suggest that YES1 may not be abundantly expressed under physiological conditions but is potentially involved in the heat response during meiosis.
As the SC plays a pivotal role in regulating spermatogenic homeostasis via its intimate association with adjacent GCs, we were intrigued as to whether this paracrine signaling can affect YES1 expression levels in response to heat stress. Interestingly, coculture of PS with SCs significantly augmented the hyperthermia-induced YES1 activation during early recovery. In support of this observation, accumulated evidence has shown that SCs synthesize and secrete approximately 60 various proteins, among which many are known to act as general and/or tissue-specific survival factors (e.g., epidermal growth factor [EGF] and stem cell factor [SCF]) [41] [42] [43] . Furthermore, large volumes of data are indicative of an antiapoptotic effect of SC-GC interaction. For example, SC-GC AJs are predominantly localized between SCs and GCs. Mono-(2-ethylhexyl) phthalate (MEHP) can disrupt vimentin filaments at the site of AJs, which then induces a surge in the expression of testicular FAS receptor and subsequent GC apoptosis [44] . Similarly, enhancement of AJs by exogenous EGF treatment could significantly increase the survival rate of GCs after testicular acute ischemia/reperfusion injury [45] . These results together promote our belief that reinforcement of SC-GC interaction may represent a potential intrinsic mechanism of early testicular healing after heat stress.
One distinguishing feature in our study is that a significant decrease in the phosphorylation of ERK1/2 and the following up-regulation of MTA1 expression took place right after inhibition of YES1 activity, suggesting that these two components may act as the downstream effectors of YES1 signaling. The ERK function and regulation are highly conserved during the evolution from simple unicellular organisms, such as yeast, to complex organisms, including mammals and fish. It is well documented that ERK can be activated by various stress stimuli, including heat stress, ischemia, heavy metal, ethanol, and ROS [46] [47] [48] [49] . In this context, it was not surprising that testicular heat stress elicited a significant increase in ERK1/2 phosphorylation. Of note, it has been reported that SRC-induced disassembly of AJs requires ERK activation in H293T cells [50] , so it is reasonable to propose that the protective effect of YES1 against heat insult may be mediated by ERK signaling.
Mta1 is a component of the Mi-2/nucleosome remodeling and deacetylase complex and plays a central role in the regulation of divergent cellular pathways by modifying the acetylation status of crucial target genes [27, 51] . Our group has provided evidence that overexpression of Mta1 in vitro could remarkably elevate the capability of spermatogenically derived cells to resist heat-induced apoptosis and that endogenous Mta1 operates as a negative coregulator of p53 in the maintenance of apoptotic balance during the early phase after hyperthermal stress [1, 27] . Interestingly, MTA1 expression in PS is up-regulated during the early recovery after acute heat treatment [1] , consistent with the dynamic of YES1 activation in the current study. DNA arrays have been employed to link gene expression to mechanisms of heat toxicity in murine testis. The overall pattern of gene expression was one of cellular shutdown [52] . The MTA1 complex contains histone deacetylases (HDAC1/2), RbAp46/48, and MBD3 and could be further separated, resulting in a core MTA1-HDAC complex, showing that the histone deacetylase activity and transcriptional repression activity are integral properties of this molecule [53] . Therefore, the abovementioned results collectively may help to explain the molecular events by which the rise in extracellular temperature is transduced into intracellular responses of MTA1. Considering that p53 is responsible for the initial phase of GC apoptosis induced by hyperthermia [54] , our study also suggests that in concert with p53, YES1/ERK/MTA1 cascade may help to maintain the integrity of PS during the early phase after heat stress.
The deteriorating effects of hyperthermia have been described in many male infertility-related diseases such as cryptorchidism, varicocele, and chronic fever [1] . Our study demonstrated a dramatic increase of YES1 expression in varicocele testis as compared to that of the control testis. Interestingly, MTA1 expression is significantly reduced in the pathological testis of varicocele patients [1] . We reason that MTA1 might also act as a negative feedback loop to maintain YES1 activity balance. Disruption of MTA1 expression due to the counterconducive conditions of varicocele testes may break this negative feedback loop, leading to the deregulation of YES1 activation. Nevertheless, the relevance of the potential regulation between MTA1 and YES1 in the presence of hyperthermal insult is yet to be further defined. Worthy of note is that spermatozoa progressive motility is currently used as the most important fertility predictor for varicocele patients, provided that the analysis was carried out with infertility duration; this leaves unsolved the problem of evaluating spontaneous testicular damage during the very early phase in varicoceles [55] . To this end, information from future experiments designed to further study the YES1/ERK/MTA1 cascade in the testicular response to heat stress would be of ROLE OF YES1 IN TESTICULAR HEAT STRESS great importance for early diagnosis of testicular detriment in this progressive pathology.
In summary, we propose a novel role of PS-expressing YES1 (Fig. 4G ). Heat induces a massive GC-specific apoptosis, which occurs mainly in the meiotic spermatocytes and may help to remove the defected GCs after heat insult. However, excessive apoptosis would lead to the disturbance of spermatogenic differentiation and thereafter impair fertility. To prevent this deleterious effect, the YES1/ERK/MTA1 cascade is sequentially activated. Because MTA1 operates as a negative coregulator of p53 in the maintenance of apoptotic balance during the early phase after hyperthermal stress, the activation of YES1 expression seems to be a naturally occurring, indispensable defensive mechanism in response to testicular heat stress.
